We review a non-standard Big-Bang Nucleosynthesis (BBN) scenario within the minimal supersymmetric standard model, and propose an idea to solve both 7 Li and 6 Li problems. Each problem is a discrepancy between the predicted abundance in the standard BBN and observed one. We focus on the stau, a supersymmetric partner of tau lepton, which is a long-lived charged particle when it is the next lightest supersymmetric particle and is degenerate in mass with the lightest supersymmetric particle. The long-lived stau forms a bound state with a nucleus, and provide non-standard nuclear reactions. One of those, the internal conversion process, accelerates the destruction of 7 Be and 7 Li, and leads to a solution to the 7 Li problem. On the other hand, the bound state of the stau and 4 He enhances productions of n, D, T, and 6 Li. The over-production of 6 Li could solve the 6 Li problem. While, the over-productions of D and T could conflict with observations, and the relevant parameter space of the stau is strictly constrained. We therefore need to carefully investigate the stau-4 He bound state to find a condition of solving the 6 Li problem. The scenario of the long-lived stau simultaneously and successfully fit the abundances of light elements (D, T, 3 He, 4 He, 6 Li, and 7 Li) and the neutralino dark matter to the observed ones. Consequently parameter space both of the stau and the neutralino is determined with excellent accuracy. *
Introduction
Lithium problem is a long standing question [1] , which is a discrepancy of the Lithium primordial abundance between observed values and the predicted value by the standard big-bang nucleosynthesis (SBBN). The observed values of 7 Li/H are inferred from metal-poor stars and are set as (1-2)×10 −10 , [2, 3, 4, 5, 6, 7] while the theoretical prediction in the SBBN is (5.24 ± 0.7) × 10 −10 [8, 9] . There is discrepancy larger than 4σ level. This is often called 7 Li problem.
There is also a tension in 6 Li primordial abundance between the observed and the predicted values. The observed value is about 1000 times higher than the predicted one [10] , though at this moment it is still controversial [11] .
The predictions by the SBBN are given using the standard model (SM) of the particle physics. Though there is still a room for astrophysical explanation of these discrepancies [12] , we take it as an evidence which asks us to extend the SM. Since the big-bang nucleosynthesis (BBN) took place from 1 to 1000 sec. after the big bang, it means that we have to add a long-lived particle. Indeed, for example, long-lived massive charged particles induce non-standard nuclear reactions in the BBN, and drastically change light element abundances [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35] .
The SM has had enormous successes in describing the interactions of the elementary particles, predicting almost every experimental results with accuracy. The recent discovery of the Higgs particle finally crowned the accumulation of successes [36, 37] . However, a number of questions are still left that suggest the presence of a more fundamental theory behind. Among such questions is the nature of dark matter; it became a compelling question during this decade after the precise observations of the universe had reported their results [38, 39] . Though its identity is still unknown, one of the most prominent candidates is weakly interacting massive particles (WIMPs) [40, 41, 42, 43] . As is well known, supersymmetric (SUSY) extensions of the SM provide a stable exotic particle, the lightest supersymmetric particle (LSP), if R parity is conserved. Among LSP candidates, the neutralino LSP is the most suitable for non-baryonic dark matter since its nature fits that of the WIMPs [44, 45] . Neutralinos are a linear combination of neutral fermions which are the supersymmetric partners of hypercharge gauge boson (bino) , weak one (wino), and Higgs bosons (higgsinos).
In many scenarios the lightest neutralino LSP,χ 0 1 , consists almost of bino. In this case, the next-to-LSP (NLSP) is required to be degenerate in mass to predict the appropriate dark matter density employing coannihilation mechanism [46] . Stauτ , a scalar partner of tau lepton, is the most likely candidate for the NLSP [47] . Their mass difference, δm = mτ − mχ0 1 , must satisfy δm/mχ0 1 < a few %, where mτ is the NLSP (stau) mass and mχ0 1 is the LSP (lightest neutralino) mass. Observed dark matter abundance can be yielded even in δm/mχ0 1 0. If δm is smaller than tau mass, m τ , stau cannot decay into 2 body and become very long-lived [48, 49] assuming lepton number conservation. The lifetime can be very long so that the stau can change the SBBN prediction. This stau can effectively destroy 7 Be which becomes 7 Li by electron capture reaction after the BBN era. Since at the BBN era would-be 7 Li exists as 7 Be, to destruct 7 Be effectively means to reduce 7 Li primordial abundance. This long-lived stau with the degenerate mass can offer the solution to 7 Li problem [22, 26, 50, 33, 51, 52, 53] . We review this idea in this article assuming exact tau number conservation.
In Sec. 2 we introduce the interactions relevant with our scenario and review why the stau is long-lived. Next in Sec. 3 we expound new reactions to the nucleosynthesis chain in the SBBN. Then in Sec. 4 we show numerical results and their interpretation. Finally in Sec. 5 we summarize the scenario and give a brief review when we introduce tiny lepton flavor violation. By introducing it the lithium problems become all clear with sacrifice of adding one parameter.
2 Long-lived stau in stau-neutralino coannihilation scenario
In this section, first, we summarize interactions to formulate decay processes of the stau and non-standard nuclear reactions in the bound states. Then we briefly review a scenario that predicts the long-lived stau, and we calculate the lifetime.
Interactions
Decay processes of the stau and the non-standard nuclear reactions in a stau-nucleus bound state are described by the following Lagrangian,
where G F = 1.166 × 10 −5 GeV −2 is the Fermi coupling constant, P L(R) represents the chiral projection operator, and J µ represents the weak hadronic current. The effective coupling constants g L and g R are given by
where g is the SU (2) L gauge coupling constant and θ W is the Weinberg angle. The mass eigenstate of staus is given by the linear combination ofτ L andτ R , the superpartners of left-handed and right-handed tau leptons, as
Here θ τ is the left-right mixing angle of staus and γ τ is the CP violating phase. 
Long-lived stau
Here l {e, µ}. . We take mτ = 300 GeV, θ τ = π/3, and γ τ = 0. Each line shows partial lifetimes of each decay channel;τ →χ 0 1 +τ (tau),τ →χ 0 1 +ν τ +π (pion),τ →χ 0 1 +ν τ +µ+ν µ (muon),τ →χ 0 1 + ν τ + e +ν e (electron). This figure is taken from Ref. [49] .
In the minimal supersymmetric standard model with R-parity conservation, the bino-like neutralino is a WIMP candidate. Direct search results for SUSY particles at the LHC indicate the neutralino with the mass of mχ0 1 O(100 GeV) [54] . Naive calculations of the relic abundance of such the heavy bino-like neutralino dark matter result in an over-closure of the universe. The coannihilation mechanism successfully yields the observed relic abundance of the neutralino dark matter [46, 55, 56] . The key ingredient for the mechanism is the degeneracy in mass between the neutralino dark matter and the NLSP stau, which requires (mτ − mχ0
The degeneracy leads to comparable number densities of them at decoupling of the neutralino dark matter, and makes the effective annihilation rate of the dark matter large through the stau-stau and stau-neutralino annihilation channels. Such a tight degeneracy makes the stau to be long-lived by kinematical suppression in its decay [48, 49] . Especially important and interesting parameter space is wherein the mass difference of the stau and the neutralino, δm = mτ − mχ0 1 , is smaller than tau mass. 1 In such a parameter space the 2-body decay channel (diagram (a) in Fig. 1) closes, and open decay channels are 3-and 4-body ones (diagram (b) and (c) in Fig. 1, respectively) .
The stau lifetime is shown by red solid line in Fig. 2 . Partial lifetimes of each decay channel are also plotted. The lifetime is drastically enhanced at δm = m τ , where the 2-body decay channel closes. Partial widths of 3-and 4-body ones are suppressed by higher order couplings and tight phase space of final states. The dependence of SUSY particle masses on the partial widths is Γ(τ →χ 0 1 ν τ π) ∝ (δm) (δm) 2 − m 2 π 5/2 /mτ and
5/2 /mτ . Analytic calculations and more detailed analysis of the partial widths are given in Ref. [49] . The BBN took place from ∼ 1 second to ∼ 10 minutes after the big bang. Thermally produced stau still exists in the BBN epoch in the parameter region of δm 150 MeV, and some of them form a bound state with nuclei by the electromagnetic interaction. In next section, we consider non-standard nuclear reactions in the bound states, and find a solution to the 7 Li problem.
3 Non-standard nuclear reactions in stau-nucleus bound state
The long-lived staus form bound states with various nuclei, and the bound states open non-standard nuclear reactions. The internal conversion process is one of the non-standard nuclear reaction, which is analogous to electron capture reaction: (Nτ − ) →χ 0 1 + ν τ + N . Here (Nτ − ) represents a bound state, and N (N ) is a nucleus. The internal conversion processes sufficiently destruct 7 Be and 7 Li, and lead to a solution to the 7 Li problem (Sec. 3.1). Another non-standard nuclear reaction is spallation processes: (Nτ − ) → χ 0 1 + ν τ + N + N + ... . The spallation processes of 4 He could enhance the production of neutron (n), deuteron (D), and triton (T), that leads to a strict bound on properties of the long-lived stau (Sec. 3.2). 
Internal conversion
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Y7Li,0=1.3x10 -20 Y7Be,0=1.3x10 -20 Y4He,0=5.4x10 -12 =10 -10 Y τ,BF Figure 3 : Evolutions of the bound ratio of the nuclei 4 He, 7 Be, and 7 Li [26] . We vary the abundance of the stau at the time of the formation of the bound state from 10 −10 to 10 −16 in each figure. In Fig. 3(A) , we also plotted by dotted lines corresponding curves predicted using the Saha equation for reference. Figure 4 : The Feynmann diagrams of internal conversion of 7 Be ( 7 Li).
In a relatively early stage of the BBN, the long-lived stau forms a bound state with 7 Be and 7 Li nucleus (Fig. 3) . These bound states give rise to the Figure 5 : The lifetimes of internal conversion processes as the function of δm [22] . Left panel:
He. We take mτ = 300GeV, θ τ = π/3, and γ τ = 0 for both reactions.
internal conversion processes (Fig. 4) [22, 19] ,
The daughter 7 Li nucleus in the process (4a) is destructed either by an energetic proton or the process (4b). The daughter 7 He nucleus in the process (4b) immediately decays into a 6 He nucleus and a neutron. One may consider that 6 Li nucleus is produced via beta-decay of this 6 He, and therefore the internal conversion processes cause the overproduction of 6 Li. 2 However, in the parameter region of our interest, 7 Li is mainly destructed by a background proton into harmless nuclei. As a result, the bound state formation of 7 Li and stau is negligible, and hence we can safely ignore the 6 Li production by the process of (4b). Hence the non-standard chain reactions by the long-lived stau could yield smaller 7 Be and 7 Li abundances than those in the standard BBN scenario, that is the requirement for solving the 7 Li problem (see Introduction). This is the scenario we proposed. The reaction rate of the internal conversion processes is given by
The front part in the right-hand side expresses overlap of wave functions in an initial state. We assume that the bound state is in the S state of a hydrogen-like atom, and obtain the overlap as |ψ| 2 = 1/(πa 3 nucl ). Here a nucl = (1.2 × A 1/3 ) fm is the radius of a nucleus and A is its mass number.
The remaining part in the right-hand side expresses the cross section of elementary process. For the process
Here p i and E i are the momentum and the energy of a particle species i, respectively. The amplitude is decomposed into leptonic and hadronic part as
The leptonic part is straightforwardly calculated. The matrix element of the nuclear conversion is evaluated by the f t value obtained from β decay experiments. The experimental f t value is available for 7 Li ↔ 7 Be but not for 7 Li ↔ 7 He. We assume that the two processes (4) have the same f t value.
As long as we consider the quantum numbers of the ground state of 7 Li and 7 He, it is reasonable to expect a Gamow-Teller transition can occur since they are similar with those of 6 He and 6 Li and we know that they make a Gamow-Teller transition. The Gamow-Teller transition is superallowed and has a similar f t value to the Fermi transition such as 7 Li ↔ 7 Be. The time scale of the internal conversion processes, (4a) and (4b), are shown in Fig. 5 as a function of δm. The time scale of ( 7 Liτ − ) →χ 0 1 + ν τ + 7 He diverges around δm = m7 He − m7 Li = 11.7 MeV, below which the internal conversion is kinematically forbidden.
We find that the reaction time scale is in the order of 10 −3 sec. Thus, compared with a typical time scale at the BBN epoch, a parent nucleus is converted into another nucleus in no time once the bound state is formed. The bound state formation makes the interaction between the stau and a nucleus more efficiently by two reasons: (i) the overlap of the wave functions of the stau and a nucleus becomes large since these are confined in the small space, (ii) the short distance between the stau and a nucleus allows virtual exchange of the hadronic current even if δm < m π .
It is important to emphasize that the internal conversion processes can be activated only in the neutralino LSP scenarios, but not in the gravitino LSP scenarios. A key difference between these scenarios is the origin of longevity of the stau. In the neutralino LSP scenarios, the longevity is ensured by tight phase space suppression in its decay. Dominant channels of the particle decay of the stau are 3-and 4-body final state processes. The internal conversion processes are also 3-body final state processes since the processes occur via off-shell hadronic current exchange in the bound state, but the initial states are 2-body system, i.e., the stau and a nucleus. Consequently, compared with the particle decay of the stau, the phase space suppression is relaxed, and hence the time scale becomes much shorter than the stau lifetime. On the other hand, in the gravitino LSP scenarios, the longevity is ensured by the Planck suppressed interaction in its decay. Dominant decay channel is the 2-body one,τ →Gτ . In this scenario, even in the bound state, the 2-body decay process dominates over the internal conversion processes, because the internal conversion needs the hadronic current which is suppressed by the Fermi couplings. Thus the internal conversion processes in the gravitino LSP scenario can not be activated.
Spallation reactions and stau catalyzed fusion
There exists two types of non-standard reactions for the bound state of a stau and a 4 He nucleus: (1) stau-catalyzed fusion
(2) spallation of the 4 He nucleus
Since the origin of longevity of the stau determines which light element is over-produced by these non-standard reactions, we need to carefully and independently study the evolution of the stau-4 He bound state in each scenario that possesses the origins of the longevity different from each other. The catalyzed fusion process enhances the 6 Li production [14] . The catalyzed fusion process is a type of photon-less nuclear transfer reaction, and typical rate of such a reaction is formulated by using the astrophysical S-factor as S(0) ∼ 10 2 keV b [66] . Thermal averaged cross section of the catalyzed fusion is precisely calculated in Refs. [21, 28] , which is much larger than that of the 6 Li production in the SBBN, 4 He+D → 6 Li+γ, by 6-7 orders of magnitude. In the SBBN, since the 6 Li production 4 He+D → 6 Li+γ is an E1 forbidden transition reaction, the reaction rate is tiny and the magnitude is given by the astrophysical S-factor as S(0) ∼ 2×10 −6 keV b [66] . The overproduction of 6 Li nucleus by the catalyzed fusion process leads to stringent constraints both on the lifetime and the number density of the long-lived charged particles in the BBN epoch. [14] .
Reaction (9) is essentially a spallation of the 4 He nucleus, producing a triton, a deuteron, and neutrons. We formulate the reaction rate of a spallation process ( 4 Heτ − ) →χ 0 1 + ν τ + T + n. The reaction rate is given as
With the same formulation in the case of internal conversion process, the overlap of wave functions of the stau and the 4 He nucleus is calculated as |ψ| 2 = (Zαm He ) 3 /π where Z is the atomic number of nucleus and α is the fine structure constant. The cross section σv Tn ≡ σv ( 4 Heτ − ) →χ 0 1 ν τ Tn is calculated as follows,
The amplitude is decomposed into leptonic and hadronic part as
The hadronic current J µ is given by a vector current V µ and an axial vector current A µ as J µ = V µ + g A A µ , where g A is the axial coupling constant. The relevant components are V 0 and A i (i = 1, 2, 3). We take these operators as a sum of single-nucleon operators as
where q is the momentum carried by the current, r a are the spatial coordinates of the a-th nucleon (a ∈ {1, 2, 3, 4}), and τ − a and σ i a denote the isospin ladder operators and the spin operators of the a-th nucleon, respectively. Each component leads to a part of hadronic matrix element:
where
We need wave functions of 4 He, T, and n to calculate the hadronic amplitude. The formulation and explicit formulae of the wave functions are given in Appendix A in Ref. [33] . Consequently we obtain the hadronic matrix element as follows, Here q T and q n are three-momenta of the triton and the neutron, respectively, and a He and a T are related to the mean square matter radius R mat by a He = 9/(16(R mat ) 2 He ) and a T = 1/(2(R mat ) 2 T ), respectively. We list in Table 1 input values of the matter radius. The leptonic part is straightforwardly calculated to be
where E ν and p z ν are the energy and the z-component of the momentum of the tau neutrino, respectively. Consequently we obtain the cross section as follows,
He a 3
where I Tn is a dimensionless integral, which includes kinematical information of the reaction. The numerical result of I Tn is plotted in Fig. 7 , and the analytical formula is given by Eq. (17) in Ref. [33] . Here ∆ Tn , k T , and k n are defined as
Here ∆ X is the excess energy of the nucleus X, and E b is the binding energy of ( 4 Heτ − ) system.
We compare the rate of the spallation and that of the stau-catalyzed fusion. We first note that the rate of stau-catalyzed fusion strongly depends on the temperature [21] , and we fix the reference temperature to be 30 keV. Staus begin to form a bound state with 4 He at this temperature, which corresponds to cosmic time of 10 3 s. Thus the bound state is formed when the lifetime of the staus is longer than 10 3 s. the stau-catalyzed fusion at the temperature of 30 keV is also shown by the horizontal dashed line. Once a bound state is formed, as long as the phase space of spallation processes are open sufficiently that is δm 0.026 GeV, those processes dominate over other processes. Thereτ property is constrained to evade the over-production of D and/or T. For δm 0.026 GeV, the dominant process of ( 4 Heτ − ) is stau-catalyzed fusion, since the freeτ lifetime is longer than the timescale of stau-catalyzed fusion. Thus light gray region is forbidden due to the over-production of 6 Li.
The result of Fig.8 is not much altered by varying the parameters relevant withτ . First the cross sections of the spallation processes are inversely proportional to mτ , and then the timescale of each process linearly increases as mτ increases. Thus, even when mτ is larger than mτ = 350 GeV by up to a factor of ten, the region of 6 Li over-production scarcely changes. Next we point out that our result depends only mildly on the left-right mixing of the stau. Indeed, the cross section of the 4 He spallation is proportional to sin 2 θ τ . The order of its magnitude will not change as long as the righthanded component is significant.
Numerical Results
In this section, we show numerical results of the number density and the allowed parameter region of the stau by solving the Boltzmann equations at BBN era. Details of numerical calculations are explained in Ref. [26] . 
Stau Number Density
The neutralino LSP is the dark matter in our scenario, hence its abundance must coincide with the observed dark matter abundance at the present time. Most of the neutralino LSP is produced via decays of the long-lived stau during the BBN. Thus, before the BBN starts, the total abundance of stau and the neutralino LSP must be the same as that of the dark matter.
We show the total abundance of the staus and the neutralino LSP in terms of left-right mixing parameter. In the left panel of Fig. 9 , each curve corresponds to the stau mass 300, 350 and 400 GeV, respectively, and horizontal (yellow) band and the dotted lines represent the allowed region from the WMAP observation at the 3σ level (0.0913 ≤ Ω DM h 2 ≤ 0.1285) and at the 2σ level (0.0963 ≤ Ω DM h 2 ≤ 0.1213) [74] . The left-side region from the vertical lines in the figure, corresponding to mτ = 400, 350, 300 GeV from left to right, represents the left-handed sneutrino LSP. The left-handed sneutrino dark matter has been ruled out by constraints from the direct detection experiments [75] and therefore only the right-side region is allowed. Here we took γ τ = 0 and δm = 100 MeV.
We can see that the total abundance increases first as the heavier stau mixes to the lighter stau, then turns to decrease at sin θ τ 0.8. The increase of the abundance can be understood by the fact that the annihilation cross section ofτ +τ → τ + τ ,τ * +τ * →τ +τ andτ +τ * → τ +τ becomes smaller as the heavier stau mixes. The increase is gradually compensated [50] . Right: The evolution of the number density of negative charged stau [50] .
by two annihilation processes,τ +τ * → W + + W − andχ 0 1 +τ → W − + ν τ , as the left-right mixing becomes large. Hereτ * denotes anti-particle of stau. The latter process can not be ignored because left-handed sneutrino is degenerate to stau and neutralino in the present parameter set. These processes become significant for sin θ τ < 0.8. Another process which reduces the total abundance due to the left-right mixing isτ +τ * → t +t through s-channel exchange of the heavy Higgses. This annihilation process becomes significant as the mixing reaches to π/4 and the masses of two staus are split. In the left panel, the mass difference between the lighter and the heavier stau is fixed to be 30 GeV to maximize the dark matter abundance, but the same result can be obtained by changing the stau mass for another values of the mass difference. As is seen, the total abundance also strongly depends on mτ . This is understood as follows. In the non-relativistic limit, since the relic number density of relic species is proportional to (m relic σv sum ) −1 and σv sum is proportional to 1/m 2 relic [76] , the total number density N is proportional to mτ ,
and the total abundance is given by Ω DM h 2 ∼ mτ N . Thus the total abundance is proportional to m 2 τ , and it is consistent with the result in Fig.  9 .
The right panel of Fig. 9 shows the evolution of the number density of stau as a function of the universe temperature. Here we took mτ = 350 GeV, sin θ τ = 0.8, and γ τ = 0 and chose δm = 10 MeV, 50 MeV, and 100 MeV as sample points. Each line with attached [δm] shows the number density of stau, while the one with attached [δm(thermal)] shows the equilibrium one. Horizontal dotted line represents the relic density of dark matter, which is the total abundance and used as an initial condition of total value for the number density ratio. Yellow band represents the allowed region from the WMAP observation at the 2σ level [74] .
The number density evolution of stau is qualitatively understood as follows. As shown in the figure, the freeze-out temperature of stau is almost independent of δm. It is determined by the exchange processes,τ τ + ↔χ 0 1 γ andτ γ ↔χ 0 1 τ − , whose magnitude σv Yτ Y γ is governed by the factor e −(mτ −δm)/T , where m τ represents the tau lepton mass. The freeze-out temperature of the stau density T f (ratio) is given by (m τ − δm)/T f (ratio ) 25, since the cross section of the exchange process is of the same magnitude as weak processes. Thus T f (ratio) hardly depends on δm. In contrast, the ratio of the number density between stau and neutralino depends on δm, nτ /nχ ∼ exp(−δm/T ), since they follow the Boltzmann distribution before their freeze-out. Thus, the relic density of stau strongly depends on δm.
Here, we comment on the dependence of the stau relic density nτ− on other parameters such as mτ , θ τ , and γ τ . The number density of the negatively charged stau is expressed in terms of the total relic density N by
Here, the freeze-out temperature T f (ratio) hardly depends on these parameters. This is because the cross section of the exchange processes are changed by these parameters at most by factors but not by orders of magnitudes, and the T f (ratio) depends logarithmically on σv [76, 50] . On the other hand, the total relic density N is proportional to mτ as in Eq. (18) . The value of N is also affected by the left-right mixing θ τ as seen in Fig. 9 since the annihilation cross section depends on this parameter. In contrast, γ τ scarcely affects the relic density, since this parameter appears in the annihilation cross section through the cross terms of the contributions from the left-handed stau and the right-handed one, and such terms are always accompanied by the suppression factor of m τ /mτ compared to the leading contribution. Thus the relic number density of stau nτ strongly depends on mτ and θ τ while scarcely depends on γ τ . After the number density of stau freezes out, stau decays according to its lifetime [49] , or forms a bound state with a nucleus in the BBN era. Their formation rate has been studied in literatures [15, 22, 19] . The bound states modify the predictions of SBBN, and make it possible to solve the 7 Li problem via internal conversion processes in the bound state [22, 19, 26] .
Parameter region for the solution of 7 Li Problem
Next, we show the allowed regions of the parameter space in which the 7 Li problem can be solved. We include in our analyses not only the internal con- version processes but also 4 He spallation processes andτ catalyzed nuclear fusion explained in the previous section. As mentioned in the introduction, the 7 Li problem is a discrepancy between the theoretical value of 7 Li abundance predicted in the SBBN and the observational one. The prediction of the SBBN for the 7 Li to H ratio is 7 Li/H = 4.47
+0.58
−0.66 × 10 −10 for baryon to photon ratio η = (6.225 ± 0.170) × 10 −10 (68% C.L.) by the WMAP [77] . On the other hand, the primordial 7 Li abundance is observed in metal-poor halo stars as absorption lines [1] . Observationally-inferred values of the primordial 7 Li to H ratio is 7 Li/H = 2.34
+0.30
−0.35 × 10 −10 for a high value [2] . (See also Refs. [78, 10, 79, 3] for another values.) Therefore the discrepancy remains more than 3σ between theoretical and observational values.
In Fig. 10 , we plot the allowed parameter region in δm and Yτ plane, which is obtained by comparing the theoretical values to observational ones for the high value of 7 Li/H. The parameters for the stau are taken to be mτ = 350 GeV, sin θ τ = 0.8, and γ τ = 0. We have adopted following another observational constraints on the light element abundances: an upper bound on the 6 Li to 7 Li ratio, 6 Li/ 7 Li < 0.046 + 0.022 [10] , the deuteron to hydrogen ratio, D/H=(2.80 ± 0.20) × 10 −5 [80] , and an upper bound on the 3 He to D ratio, 3 He/D < 0.87 + 0.27 [81] . The solid (orange) line denotes a theoretical value of the thermal relic abundance for the stau [50] while keeping observed dark matter density at Ω DM h 2 = 0.11 ± 0.01 (2σ) [77] as totalχ 0 1 +τ abundance. For reference, we also plot the observationallyallowed dark matter density in the figures by a horizontal band.
At around δm ∼ 0.1 GeV, we found that there is an allowed region at Yτ ∼ 10 −13 for δm ∼ 130 MeV to solve the 7 Li problem at 3σ. It is shown that 7 Li/H can be fitted to the observational value without conflicting with the other light element abundances. 3 As shown in Fig. 10 , it is impressive that the relic density is consistent with the allowed region at Yτ = 2 × 10 −13 at 3 σ in case of the high value of 7 Li/H. On the other hand, since the stau lifetime is longer than the formation timescale of the stau-4 He bound state in the region δm 100 MeV, over-productions of D and 3 He by the 4 He spallation processes exclude the region 30 MeV δm 100 MeV and Yτ 10 −14 . In the smaller δm region, the 4 He spallation processes kinematically close, and the catalyzed fusion is activated. Consequently, the observational 6 Li/ 7 Li ratio excludes the region where Yτ− 10 −15 and δm 100 MeV. This feature is explained as follows.
We have adopted following observational abundances of 6 Li and 7 Li. Throughout this subsection, n i denotes the number density of a particle "i", and observational errors are given at 1σ. For the n6 Li to n7 Li ratio, we use the upper bound [10] ,
with a conservative systematic error (+0.106) [86] , while the 7 Li abundance is given above. In the current scenario 6 Li can be overproduced by the catalyzed fusion (8) . The abundance of 6 Li through this process is approximately represented by
with σv 6 Li the thermal average of the cross section times the relative velocity for this process [21] , and n D the number density of deuterium. Note that in Eq. (21), it is roughly assumed that all staus have been bound to 4 He when the 6 Li production proceeds via the reaction (8) . By using (20), we see that the additional 6 Li production is constrained to be ∆Y6 Li < O(10 −21 ). Numerical value of σv 6 Li gives σv 6 Li n D /H ∼ O(10 −6 ) at T ∼10 keV. Then from (21) it is found that the upper bound on the abundance of stau should be Yτ− 10 −15 . Because the bound state ( 4 Heτ − ) forms at T 10 keV, this process is strongly constrained for ττ− 10 4 s with ττ− being the stau lifetime, which corresponds to δm 100 MeV. Note that the ratio σv 6 Li n D /H rapidly decreases as the cosmic temperature decreases, and this late production of 6 Li is much more effective just after formation of the bound state. This is the reason why we can estimate (21) at around 10 keV.
On the other hand, the rates of 7 Be and 7 Li destruction through the internal conversion [22, 19, 26] could be nearly equal to the formation rates of the bound state ( 7 Beτ − ) and ( 7 Liτ − ), respectively. This is because the timescale of the destruction through the internal conversion is much faster than that of any other nuclear reaction rates and the Hubble expansion rate. Then the amount of destroyed 7 Be (or 7 Li after its electron capture) is approximately represented by
where σv bnd,7 ∼ 10
Be /1350keV) is the thermally-averaged cross section times the relative velocity of the bound-state formation for ( 7 Beτ − ) [15, 19] . Eq. (22) gives an approximate order of magnitude only under the condition of Y stau < Y4 He . We require ∆Y7 Be to become ∼ O(10 −20 ) to reduce the abundance of 7 Be to fit the observational data. Then the abundance ofτ − should be the order of ∆Y7 Be ( σv bnd,7 n7 Be /H) −1 ∼ O(10 −12 ) with σv bnd,7 n7 Be /H ∼ 10 −8 at T = 30 keV. Because σv bnd,7 n7 Be /H decreases as the cosmic temperature decreases (∝ T 1/2 ), the destruction is more effective just after the formation of the bound state. This validates that we have estimated (22) at 30 keV. Therefore the parameter region at around Yτ− ∼ 10 −12 and δm 130 MeV is allowed by the observational 7 Li. Here δm 130 MeV corresponds to ττ 10 3 s. The case for the destruction of ( 7 Liτ − ) through the internal conversion is also similar to that of ( 7 Beτ − ) [22, 26] .
Further constraints come from the relic density of the dark matter, which can be stated in terms of the stau relic density. It is calculated as shown in Fig. 10 for the present values of parameters. Applying all the constraints, we are led to the allowed interval shown by the thick line in the figure.
Constraint on parameter space of stau
In the end, we show in Fig. 11 the parameter space in which the dark matter abundance and light elements abundances are consistent with the observations. Here, based on the discussion in previous subsection, we took δm = 100 MeV. Parameter region surrounded by black solid (blue dashed) line is allowed by the relic abundance of the dark matter from the WMAP observation at the 3σ (2σ) level [74] , which corresponds to 0.0913 ≤ Ω DM h 2 ≤ 0.1285 (0.0963 ≤ Ω DM h 2 ≤ 0.1213). Red crisscross points show the parameters which are consistent with the observational abundances for the light elements including 7 Li, where the observational 7 Li abundance is given in Ref. [2] . Figure 11: Parameter space of the stau for the observational abundances of the dark matter and that of the light elements [50] . The region surrounded by black solid (blue dashed) line shows the allowed region from the WMAP observation at the 3σ (2σ) level [74] . Red crisscross points show the parameters which is consistent with observational abundances for the light elements including 7 Li at 3σ level.
The abundance of the light elements constrains the parameter space due to the following reasons. First, the region where the stau mass is less than 300 GeV is excluded since the relic density becomes too small to destruct 7 Li sufficiently. Next, the top-left region of the figure is excluded since the lifetime of stau becomes too long and hence overproduces 6 Li through the catalyzed fusion [14] . The stau lifetime becomes longer as its mass becomes heavier [49] . On the other hand, the lifetime becomes shorter as the leftright mixing angle increases in the present parameter space [49] . As a result, the allowed region is obtained as shown by the red crisscrosses in Fig. 11 .
The black solid curve and the blue dashed curve are the constraints from the relic abundance of the dark matter as discussed in the previous section. Note that the relic abundance is not so sensitive to the mass difference δm for δm mχ. Combination of the constraints on the abundance of the light elements and of the dark matter strongly restricts the allowed region and leads to δm 100 MeV, mτ = (300 -400) GeV, and sin θ τ = (0.65 -1). In Fig. 10 , these parameter values correspond to the region which is surrounded by the curves of the thermal relic density (orange) and 7 Li/H with 3σ significance (purple). Our model can thus provide a nice probe to the mixing angle, which has few experimental signals, once the value of mτ is determined.
Summary
In this review we expounded our idea to fit the primordial abundance of 7 Li to the observed value. We extend the SM to the supersymmetric SM (SSM). To explain the bino-like neutralino dark matter abundance with the coannihilation mechanism in the SSM, we have a long-lived scalar particle, stau. It can be so long-lived that it affects the BBN prediction. With appropriate parameters we can nicely fit the abundances both of 7 Li and the neutralino dark matter to the observed ones.
The key property is the small mass difference between the stau and the neutralino dark matter. It gives the following important features:
(1) Very long life time of O(1000) s since the phase space is quite narrow and the open decay channel is only the 4 body decay (in Fig. 1 (c) ) ( 2) The stau in ( 7 Beτ − ) very efficiently destructs 7 Be, because the phase space becomes much wider in the bound state than that of the free stau decay. This is shown in Fig. 4 . Comparing it with the Fig. 1 (b) , it is understood as the opening of the threshold of the 3 body decay. Therefore the time scale of the destruction is of order 1 s or less.
These two features are available only in the case where the stau longevity is ensured by small mass difference, not in the case where the origin of the longevity is Planck suppressed coupling.
With such a stau we have to consider the following three processes in addition to the standard processes in the SBBN:
(a) The destruction process of 7 Be (and 7 Li) in the bound state with the stau (Sec. 3.1). It is often called "internal conversion". This is important to reduce the primordial 7 Li abundance. More reactions make the prediction better.
(b) The 4 He spallation processes in the bound state ( 4 Heτ ) (Sec. 3.2). These processes give extra light elements such as D, 3 He. Less reactions are better. To evade the over-productions of light elements, the stau must not be long-lived so that it decays before ( 4 Heτ − ) is formed or δm must be large enough as shown in Fig. 8 .
(c) The 6 Li production process called catalyzed fusion ( (8) We also evaluate the stau number density at the BBN era which is important and necessary to solve the Boltzmann equations of nucleosynthesis chain. Larger stau density makes the 7 Li abundance lower, and the larger stau density is obtained for smaller mass difference of the stau and the neutralino.
Again we emphasize that the first two processes (a) and (b) are specific to our scenario, or more exactly to the small mass difference scenario. On the contrary the third process (c) can happen in all scenarios with long-lived charged massive particles.
As long as tau flavor is conserved exactly all the rate for the processes (a)-(c) and the stau number density are the function of only the mass difference δm eventually. In other words the prediction depends almost only on the mass difference.
Including all the processes we calculated the primordial abundance and we showed that we possibly have the solution to the 7 Li problem under the assumption of lepton flavor conservation.
The upper bound on δm is mainly determined by the requirement that the stau be long-lived enough to be relevant with the nucleosynthesis chain reactions. The lower bound also determined by the requirement that the stau be not too long-lived so that it would not destruct 4 He so much. Thus, in turn, to solve the 7 Li problem, we have very narrow allowed region for the parameter space. It gives a very precise prediction for particle physics like a collider phenomenology.
Before concluding the review we give a comment on the case that there is lepton flavor violation [51] . Including this we can relax the constraint on δm and we have a room to produce 6 Li appropriately by the catalyzed fusion. In this cases, for example, stau mixes with scalar electron, τ →l =τ + c eẽ ,
wherel is a slepton, and c e denotes a tiny mixing parameter with the selectron. The slepton can decay into a neutralino and an electron,
Therefore the lifetime of the slepton will depend on not only δm but also c e . The mixing parameter c e must be very small, of O(10 −10 ), so that the stau still be long-lived. With this degree of freedom we have a wider room for δm. The over-production of D and 3 He by the 4 He spallation processes (b) can be suppressed since δm can be very small. Therefore we would not have any constraint from this process as long as it is small enough. On the contrary due to the smallness of c e , the efficiency of the internal conversion process (a) still depends only on δm. The rate of the process is still rapid even if δm ∼ 30 MeV as shown in Fig. 5 .
By combining the smallness of δm and c e , we get an allowed region (white) as shown in Fig. 12 where c e = 5 × 10 −11 . Not only the 7 Li problem is solved within 3 (and almost 2)σ level, but also there is the "allowed" region for the 6 Li problem. If we do not take the 6 [51] . The lines of the constraints are plotted for D/H (dark grey), 3 He/D (light grey), and 6 Li/ 7 Li (blue curves) at 2σ . An exception is 7 Li/H (purple lines) whose constraints are denoted by both dotted lines at 2σ, and solid lines at 3σ. The theoretical curve of the slepton density is plotted as a thick solid (orange) line. from its abundance all the right region of 6 Li over-production is the allowed region for the 6 Li abundance. If we take it seriously, the white band within two lines indicated 6 Li/ 7 Li is the allowed region and in near future once the 6 Li abundance is measured definitely we can pin down the allowed region within the white band. Thus, in this case both the 6 Li and the 7 Li problems are solved.
To conclude our review, we emphasize that we did not introduce any artificial particles. We employed the most extensively studied physics beyond the SM, that is, SSM. Within this theory we showed that the lithium problem(s) can be solved. We use the parameter which is required not by the lithium problem but by the explanation for dark matter abundance. In this sense our solution is very excellent!
